INTRODUCTION {#sec1-1}
============

Diabetes is a chronic metabolic disorder steadily increasing prevalence worldwide. It is characterized by hyperglycemia with altered carbohydrate, protein, and lipid metabolism. This may be attributed to insulin inactivity or resistance, as a direct result of destruction or dysfunction of the beta-cells of the pancreas.\[[@ref1]\] Diabetes is growing as an epidemic, with India emerging as the diabetic capital of the world. India is facing the burden of the consequences that the disease brings; it is currently estimated that every fifth diabetic in the world is an Indian.\[[@ref2]\] Statistics reveals that by 2030, up to 79.4 million individuals, in India alone, will be afflicted with the disease.\[[@ref3]\] Control of postprandial hyperglycemia is the key to the management of type 2 diabetes mellitus and its associated complications.\[[@ref4]\] Conventional approaches include exogenous insulin administration and oral hypoglycemic agents such as alpha-glucosidase inhibitors, sulfonylureas, biguanides, thiazolidinediones, and meglitinides. Conventional approach to this growing epidemic is associated with many side effects, and moreover, it is expensive and inaccessible to certain communities.\[[@ref5][@ref6]\] In recent years, medicinal plants are explored to develop novel compounds and newer target as an ideal substitute to conventional drugs as there is an increasing demand for plant-based natural products. The Indian system of medicine is replete with plants, which have been shown to stimulate glucose uptake in the body and hence may be used for the long-term management of diabetes.\[[@ref7]\]

Antihyperglycemic activity of several traditional Indian plants such as *Aloe vera*, *Adhatoda zeylanica*, and *Brassica juncea*\[[@ref8]\] as well as fruits such as *Eugenia jambolana* (Jambul) and *Psidium guajava* L (Guava)\[[@ref9]\] has been demonstrated.

*Caralluma fimbriata* (family *Apocynaceae)* is a wild succulent cactus found in dry regions of Tamil Nadu. It is known for its hypolipidemic, antioxidant, hepatoprotective, antiobesogenic, and anticancer activities with no history of adverse effects.\[[@ref10][@ref11][@ref12]\] In this study, the ethanolic extract of *C. fimbriata* leaf was investigated for its antihyperglycemic activity.

MATERIALS AND METHODS {#sec1-2}
=====================

Reagents and extract {#sec2-1}
--------------------

The ethanolic extract of *C. fimbriata* leaf was obtained from Green Chem Herbal Extracts and Formulations, Bengaluru, as gratis. Alpha-amylase and alpha-glucosidase enzymes were obtained from Hi Media, Mumbai. L6 myoblast culture was obtained from the National Centre for Cell Science (NCCS), Pune. All other reagents and chemicals such as ethanol and dimethyl sulfoxide (DMSO) used were of analytical grade.

Cell culture studies {#sec2-2}
--------------------

### Preparation of cell culture {#sec3-1}

L6 monolayer myoblast (obtained from NCCS, Pune -- passage no. 15) was cultured in DMEM with 10% fetal bovine serum (FBS) and supplemented with penicillin (120 units/mL), streptomycin (75 μg/mL), gentamicin (160 μg/mL), and amphotericin B (3 μg/mL) in a 5% CO~2~ environment. For differentiation, the L6 cells were transferred to DMEM with 2% FBS for 4 days, postconfluence. The extent of differentiation was established by observing the multinucleate of cells.

Cytotoxicity study-3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide assay (Gohel *et al*., 1999) {#sec2-3}
-------------------------------------------------------------------------------------------------------------

Cytotoxicity of the test extract was assessed by 3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay.\[[@ref13]\] The plant extract was prepared in DMSO for the cytotoxicity study. Cells were plated in 48-well plate at a concentration of 5 × 10^4^ cells/well. After 24 h of incubation, it was washed with 200 ml of 1X phosphate buffered saline (PBS; pH 7.4) and starved by incubation in serum-free medium for an hour at 37°C in CO~2~ incubator. After starvation, cells were treated with different concentrations (1--1000 μg/mL) of the test extract for 24 h. At the end of the treatment, media from control and extract-treated cells were discarded, and 50 μl of MTT containing PBS (5 μg/mL) was added to each well. Cells were then incubated for 4 h at 37°C in CO~2~ incubator. The purple formazan crystals formed were then dissolved by adding 150 ml of DMSO and mixed effectively by pipetting up and down. Spectrophotometrical absorbance of the purple blue formazan dye was measured using multimode reader (Perkin Elmer) at 570 nm. Optical density of each sample was compared with control optical density and graphs were plotted.

6-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl) amino)- 2-deoxyglucose assay-glucose uptake test {#sec2-4}
-----------------------------------------------------------------------------------------

Antidiabetic activity of the test extract was assessed in differentiated L6 myotubes using fluorescent-tagged 6-(N-(7-Nitrobenz-2-oxa-1,3-diazol- 4-yl) amino)-2-deoxyglucose (6-NBDG). L6 myotubes (10,000 cells/well) were seeded in 96-well plates and allow to confluence around 80%. Then, cells were differentiated using 2% FBS, and different concentrations of the extract dissolved in DMSO (1--100 μg/mL) were added. At the end of treatment, 10 μM of insulin was added to stimulate glucose uptake and incubated for 15 min. About 20 μg/200 mL of 6-NBDG was added and incubated for 10 min at dark. Glucose uptake (in %) was measured using multimode reader (Perkin Elmer) with an excitation/emission filter 466/540 nm.

*In vitro* alpha-amylase inhibitory assay (Bernfeld, 1955) {#sec2-5}
----------------------------------------------------------

*In vitro amylase* inhibition was studied by the method of Bernfeld.\[[@ref14]\] The plant extract was dissolved in ethanol. In brief, 100 μL of the test extract was allowed to react with 200 μl of alpha-amylase enzyme (Hi Media RM 638) and 100 μl of 2 mM of phosphate buffer (pH 6.9). After 20-min incubation, 100 μl of 1% starch solution was added. The same was performed for the controls where 200 μl of the enzyme was replaced by buffer. After incubation for 5 min, 500 μl of 3,5-Dinitrosalicylic acid (DNS) reagent was added to both control and test. They were kept in boiling water bath for 5 min. The absorbance was recorded at 540 nm using spectrophotometer, and the percentage inhibition of alpha-amylase enzyme was calculated using the formula:

\% inhibition = (\[Control − Test\]/Control) × 100

The reagent blank and inhibitor controls were simultaneously carried out.

Alpha-glucosidase inhibitory activity (Shruti *et al*., 2011) {#sec2-6}
-------------------------------------------------------------

The enzyme inhibition activity for alpha-glucosidase was evaluated according to the method previously reported by Sancheti *et al*. with minor modifications.\[[@ref15]\] The plant extract was dissolved in ethanol. The reaction mixture consisted of 50 μL of 0.1 M phosphate buffer (with pH of 7.0), 25 μL of 0.5 mM 4-nitrophenyl a-D-glucopyranoside (dissolved in 0.1 M phosphate buffer, with pH of 7.0), 10 μL of test extract, and 25 μL of alpha-glucosidase solution (a stock solution of 1 mg/mL in 0.01 M phosphate buffer, with pH of 7.0, was diluted to 0.1 unit/mL with the same buffer, with pH of 7.0 just before assay). This reaction mixture was then incubated at 37°C for 30 min. Then, the reaction was terminated by the addition of 100 μl of 0.2 M sodium carbonate solution. The enzymatic hydrolysis of substrate was monitored by the amount of p-nitrophenol released in the reaction mixture at 410 nm using microplate reader. Individual blanks were prepared for correcting the background absorbance, where the enzymes were replaced with buffer. Controls were conducted in an identical manner replacing the plant extracts with methanol. Acarbose was used as positive control.

Statistical analysis {#sec2-7}
--------------------

The experiments were carried in triplicate and all the values were expressed as mean ± standard error of the mean. Microsoft Excel 2016 was used to perform linear regression and correlation analysis.

RESULTS {#sec1-3}
=======

Cytotoxicity assay {#sec2-8}
------------------

The cytotoxicity assay was carried out for the extract at different concentrations of 1--1000 μg/mL at time interval of 24 h. From the results, it was observed that both extract and standard metformin have exhibited a dose-dependent decrease in the percentage cell proliferation which was \<50% even at a maximum dose of 1000 μg/mL. The IC~50~ of extract and metformin was found to be ≥1000 μg/mL and ≥1000 mM, respectively \[[Table 1](#T1){ref-type="table"} and [Graph 1](#F1){ref-type="fig"}\].

###### 

Cytotoxicity (3-\[4,5 dimethylthiazol-2-yl\]-2,5-diphenyl tetrazolium bromide) assay of test extract using L6 myotubes
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![Graphical representation of cytotoxicity (3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay of test extract using L6 myotubes](PM-13-499-g003){#F1}

6-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl) amino)- 2-deoxyglucose glucose uptake in L6 myotubes {#sec2-9}
---------------------------------------------------------------------------------------------

The nonmetabolizable fluorescent glucose analog 6-NBDG is increasingly used to study cellular transport of glucose. Intracellular accumulation of exogenously applied 6-NBDG is assumed to reflect concurrent gradient-driven glucose uptake by glucose transporters (GLUTs). The glucose uptake potential of the extract was evaluated at different concentrations of 1--100 μg/mL. The plant extract was dissolved in DMSO. Insulin (10 μM) and standard metformin (10 μg/mL) were used as positive controls. It was shown from the results that the extract has enhanced glucose uptake in L6 myotubes in a dose-dependent manner which was compared with standard metformin. The maximum percentage of uptake was found to be 66.32% ± 0.29% for the extract while metformin at 10 μg/mL exhibited 74.44% ± 1.72% and insulin showed 85.55% ± 1.14% of glucose uptake \[[Table 2](#T2){ref-type="table"}, [Graph 2](#F2){ref-type="fig"} and Figures [1](#F3){ref-type="fig"}--[5](#F7){ref-type="fig"}\].

###### 

(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose glucose uptake potential of test extract in L6 myotubes
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![Graphical representation of 6-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose glucose uptake potential of test extract in L6 myotubes](PM-13-499-g005){#F2}

![*Caralluma* extract 10 μg/ml](PM-13-499-g006){#F3}

![*Caralluma* extract 30 μg/ml](PM-13-499-g007){#F4}

![*Caralluma* extract 100 μg/ml](PM-13-499-g008){#F5}

![Metformin 10 μg/ml](PM-13-499-g009){#F6}

![Insulin 10 μM](PM-13-499-g010){#F7}

Alpha-amylase inhibitory activity {#sec2-10}
---------------------------------

The results showed strong alpha-amylase inhibitory activity of the test extract which is compared with standard acarbose. A maximum inhibition of 77.37% ± 3.23% was achieved at a concentration of 1000 μg/mL by test extract while standard acarbose inhibition was about 93.32% ± 1.08%. The IC~50~ of the extract was found to be 41.75 μg/mL and for acarbose 34.83 μM \[[Table 3](#T3){ref-type="table"} and [Graph 3](#F8){ref-type="fig"}\].

###### 

Alpha-amylase inhibitory activity of test extract

![](PM-13-499-g011)

![Graphical representation of alpha-amylase inhibitory activity of test extract](PM-13-499-g012){#F8}

Alpha-glucosidase inhibitory activity {#sec2-11}
-------------------------------------

The *in vitro* alpha-glucosidase inhibitory activity of the test extract was investigated. The maximum inhibition of the extract was found to be 83.05% ± 1.69% at 1000 μg/mL which is comparable with that of standard acarbose which showed its maximum inhibition of 95.34% ± 0.42% at 1000 μM. The IC~50~ of the extract and acarbose was found to be 66.71 μg/mL and 45.69 μg/mL, respectively \[[Table 4](#T4){ref-type="table"} and [Graph 4](#F9){ref-type="fig"}\].

###### 

Alpha-glucosidase inhibitory activity of test extract
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![Graphical representation of alpha-glucosidase inhibitory activity of test extract](PM-13-499-g014){#F9}

DISCUSSION {#sec1-4}
==========

Diabetes mellitus is a chronic metabolic disorder with several life-threatening complications which may be microvascular such as retinopathy, neuropathy, and nephropathy or macrovascular such as peripheral vascular disease, heart attack, and stroke. Among the two types, type 2 or noninsulin-dependent diabetes mellitus is the most common and accounts for 90%--95% of diabetic mellitus cases.\[[@ref16]\] The management of postprandial hyperglycemia in type 2 diabetic patients is crucial to prevent complications and to have a positive impact on morbidity and mortality rates associated with the disease. Plant-based drugs are found to be safer hypoglycemic agents compared to synthetic chemical alternatives available in the market.

Within the *Caralluma* genus, *Caralluma tuberculata*, *Caralluma lasiantha*, *Caralluma edulis*, *Caralluma sinaica*, and *Caralluma umbellata* Haw have all been proven to have antidiabetic properties.\[[@ref17][@ref18][@ref19]\] Phytochemical studies reveal polyphenols, which may be suggestive of its antihyperglycemic activity.\[[@ref19]\] The ethanolic leaf extract of *C. fimbriata* showed its ability to inhibit the activity of enzymes of carbohydrate digestion, alpha-amylase, and alpha-glucosidase. It also increased the uptake of glucose by the L6 myotubes. The glucose uptake activity was comparable to the activity of insulin (injectable antidiabetic drug) and metformin (oral antidiabetic drug).

The skeletal muscle forms the quantum of the body\'s musculature and is a major site of glucose uptake and utilization, mediated by insulin.\[[@ref20]\] An intracellularly sequestered insulin-responsive GLUT called GLUT-4 forms an important component of this insulin signal transduction pathway. Insulin regulates the release of GLUT-4 from storage pools and promotes its rapid translocation to the plasma membrane, thus enhancing muscle cell glucose uptake.\[[@ref21][@ref22]\] Defective glucose uptake by muscle cells is a common pathological state in type 2 diabetes mellitus due to deficient insulin; various *in vitro* glucose uptake models have shown that certain medical plants enhance glucose uptake by GLUT-4 translocation.\[[@ref20][@ref23][@ref24][@ref25]\] Results of this study demonstrate enhanced glucose uptake by L6 myotubes in the presence of ethanolic leaf extract of *C. fimbriata*. Hence, it may be hypothesized that ethanolic leaf extract of *C. fimbriata* may work by a similar mechanism. The rationale behind using L6 cell lines to elucidate the glucose uptake mechanism is that they have intact insulin-signaling pathways and express insulin-sensitive GLUT-4.\[[@ref25]\]

This study has also demonstrated a potent dose-dependent inhibitory effect of alpha-amylase and alpha-glucosidase enzymes of carbohydrate digestion. These enzymes work on the principle of hydrolysis; alpha-amylase breaks down polysaccharides such as starch and glycogen to disaccharides and alpha-glucosidase catalyzes this further to monosaccharide, thus increasing blood glucose levels.\[[@ref26]\]

Inhibition of these key enzymes involved in glucose metabolism is an effective strategy to combat postprandial hyperglycemia. Traditional drugs in the market such as acarbose and miglitol work by inhibiting this membrane bound enzymes along the brush border of the small intestine, thus retarding glucose absorption. However, these drugs result in gastrointestinal intolerance.\[[@ref27]\] Plant products have been proven as attractive alternatives, with many of them showing significant enzyme inhibitory activity.\[[@ref26][@ref28][@ref29][@ref30]\] It may be suggested that the extracts of *C. fimbriata* work with a mechanism of action similar to acarbose, but further studies are warranted to elucidate the exact mode of inhibition and the bioactive compounds responsible for it. However, the extract showed protective effect even at higher concentrations, 1000 μg/mL, and the IC~50~ value was more than 1000 μg/mL.

CONCLUSION {#sec1-5}
==========

The current study revealed that the ethanolic leaf extract of *C. fimbriata* has pronounced glucose uptake potential as well as potent inhibitory activity on enzymes of glucose metabolism, alpha-amylase, and alpha-glucosidase, proving its antihyperglycemic activity.
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